lated ICU patients. The objective was to validate the superiority of nonlinear imputation of Pao 2 /Fio 2 among mechanically ventilated patients and understand what factors influence the accuracy of imputation. Design: Simultaneous Spo 2 , oximeter characteristics, receipt of vasopressors, and skin pigmentation were recorded at the time of a clinical arterial blood gas. Acute respiratory distress syndrome criteria were recorded. For each imputation method, we calculated both imputation error and the area under the curve for patients meeting criteria for acute respiratory distress syndrome (Pao 2 /Fio 2 ≤ 300) and moderate-severe acute respiratory distress syndrome (Pao 2 /Fio 2 ≤ 150). Setting: Nine hospitals within the Prevention and Early Treatment of Acute Lung Injury network. Patients: We prospectively enrolled 703 mechanically ventilated patients admitted to the emergency departments or ICUs of participating study hospitals. Interventions: None. Measurements and Main Results: We studied 1,034 arterial blood gases from 703 patients; 650 arterial blood gases were associated with Spo 2 less than or equal to 96%. Nonlinear imputation had consistently lower error than other techniques. Among all patients, nonlinear had a lower error (p < 0.001) and higher (p < 0.001) area under the curve (0.87; 95% CI, 0.85-0.90) for Pao 2 / Fio 2 less than or equal to 300 than linear/log-linear (0.80; 95% CI, 0.76-0.83) imputation. All imputation methods better identified moderate-severe acute respiratory distress syndrome (Pao 2 /Fio 2 ≤ 150); nonlinear imputation remained superior (p < 0.001). For Pao 2 /Fio 2 less than or equal to 150, the sensitivity and specificity for nonlinear imputation were 0.87 (95% CI, 0.83-0.90) and 0.91 (95% CI, 0.88-0.93), respectively. Skin pigmentation and receipt of vasopressors were not associated with imputation accuracy. Conclusions: In mechanically ventilated patients, nonlinear imputation of Pao 2 /Fio 2 from Spo 2 /Fio 2 seems accurate, especially for moderate-severe hypoxemia. Linear and log-linear imputations cannot be recommended. (Crit Care Med 2017; 45:1317-1324) Key Words: acute respiratory distress syndrome; pulse oximetry; respiratory failure; severity scores T he Pao 2 /Fio 2 ratio is commonly used to measure the severity of hypoxemia in patients with respiratory failure. The Pao 2 /Fio 2 ratio is fundamental to the consensus definition of acute respiratory distress syndrome (ARDS) (1) as well as general critical illness severity indices such as the Sequential Organ Failure Assessment score (2) . Among mechanically ventilated patients, the Pao 2 /Fio 2 ratio may be necessary to diagnose ARDS. However, the Pao 2 /Fio 2 ratio requires that an arterial blood gas (ABG) be obtained to measure Pao 2 .
Because many clinicians rely on pulse oximetry to evaluate hypoxemia and make adjustments to the mechanical ventilator, patients with ARDS may not have an ABG available in a relevant timeframe for early diagnosis of ARDS or calculation of severity scores. Arterial catheters (which make ABG testing more convenient) are falling out of favor (3, 4) , pulse oximeters have become ubiquitous, and clinicians may use venous blood gases (or exhaled gas sampling) to monitor Pco 2 or pH (5) . A noninvasive surrogate for the Pao 2 /Fio 2 ratio, based on measuring the oxyhemoglobin percent saturation with a pulse oximeter, would allow patients without ABGs to be assessed for disease severity and/or evaluated for the hypoxemia criterion for ARDS. To assure equivalence, a noninvasive surrogate for Pao 2 /Fio 2 would require imputation of Pao 2 from Spo 2 . The Spo 2 /Fio 2 ratio has therefore been proposed as a noninvasive surrogate for the Pao 2 /Fio 2 ratio (6-11).
The oxyhemoglobin percent saturation can be measured with a pulse oximeter (Spo 2 ) or directly in the arterial blood (arterial oxygen saturation [Sao 2 ]). The relationship between Pao 2 and Sao 2 (and therefore Spo 2 ) is sigmoidal. However, much prior work investigating the association between Spo 2 / Fio 2 and Pao 2 /Fio 2 ratios employed linear (or log-linear) regression modeling in adults (6, 7) and children (8) (9) (10) (11) .
In a large, retrospective study of patients with ARDS enrolled in three clinical trials (12), we demonstrated that a nonlinear imputation based on the Ellis inversion (13) of the Severinghaus equation (14) outperformed linear and log-linear imputation methods, observations which complemented prior studies of nonintubated patients with pneumonia (15) (16) (17) (18) . To externally validate these retrospective observations, we undertook a prospective study, with attention to patient characteristics that might affect the accuracy of imputation. We hypothesized that nonlinear imputation was superior to other imputation methods and that the receipt of vasopressors and darker skin pigmentation would be associated with less accurate imputation.
MATERIALS AND METHODS
We studied mechanically ventilated patients admitted to the emergency departments or ICUs of participating study hospitals, which were part of the National Institutes of Health Prevention and Early Treatment of Acute Lung Injury (PETAL) Network. We excluded children, pregnant women, and prisoners. At the time a clinical ABG was obtained for a ventilated patient, the nurse or respiratory therapist obtaining the ABG completed a brief case report form (CRF) that included current Spo 2 , quality of the oximeter waveform, and skin pigmentation (graded informally from very light to very dark, on a 5-point ordinal span, with reference skin pigments included on the CRF). Research coordinators then documented age, sex, body mass index, body temperature (as measured clinically, without preference for core vs peripheral temperature measurements), ABG results, basic metabolic panel results, hemoglobin, positive end-expiratory pressure (PEEP), Fio 2 , tidal volume, and receipt of vasopressors (i.e., epinephrine, norepinephrine, phenylephrine, dopamine, or vasopressin) at the time the ABG was obtained, and whether the patient met consensus criteria for ARDS other than hypoxemia. Specifically, site investigators individually reviewed chest radiographs and the medical record to assess whether ARDS criteria (acute onset of bilateral lung opacities not fully explained by effusions, lobar/lung collapse, or nodules) other than hypoxemia were met. ARDS was then considered present if the Pao 2 /Fio 2 met relevant thresholds. Given resource constraints, we did not require a specific ABG sampling strategy or collect denominator data on the total number of ABGs performed in participating hospitals.
Data were uploaded to the Clinical Coordinating Center (CCC) at Massachusetts General Hospital, where quality analysis and cleaning were undertaken according to standard procedures. Each participating Institutional Review Board (IRB), including the CCC IRB, approved this study with waiver of informed consent on the basis of compliance with 45 CFR 46.116d.
Because imputation is considered to be the most accurate for Spo 2 less than or equal to 96%, based on the sigmoidal shape of the hemoglobin-oxygen dissociation curve (14) and our prior empirical observations (12), we separately analyzed ABGs with an associated Spo 2 less than or equal to 96%. Because Pio 2 (partial pressure of inspired oxygen) varies by both Fio 2 and barometric pressure, we adjusted Pao 2 /Fio 2 ratios at the Utah site (altitude ~ 1,300 m) by the ratio of local to sea level barometric pressure (0.845). We used the Ellis nonlinear (13), Rice linear (6), and Pandharipande log-linear (7) equations for imputation, as we did in our prior, retrospective work (12) (equations are displayed in Table E1 , Supplemental Digital Content 1, http://links.lww.com/CCM/C658). For purposes of description, we generated Bland-Altman plots of the difference between imputed and measured Pao 2 /Fio 2 as a function of measured Pao 2 /Fio 2 both for all patients and among patients in whom Spo 2 was less than or equal to 96%. Secondarily, we calculated the error of the imputations and the proportion of patients in whom the absolute error of the imputation was less than 25 (e.g., if the actual Pao 2 /Fio 2 is 100, then the imputed Pao 2 /Fio 2 is between 75 and 125) or 50 (e.g., if the actual Pao 2 / Fio 2 is 100, then the imputed Pao 2 /Fio 2 is between 50 and 150).
For hypothesis testing, we compared the root mean squared error (RMSE; log transformed given its log normal distribution) of the imputation for each technique, using a paired t test and using generalized estimating equations to account for the fact that some patients contributed multiple ABGs to the analysis (19) . We also calculated area under the receiver operating characteristic curve at two diagnostic thresholds for Pao 2 /Fio 2 (150 and 300) for the different imputation techniques. (We note that because linear and log-linear techniques impute Pao 2 /Fio 2 from Spo 2 /Fio 2 monotonically, their AUCs are identical to each other and to raw Spo 2 /Fio 2 ; because the nonlinear technique imputes from Spo 2 itself, its AUC can differ.) We used the threshold of less than or equal to 150 rather than the consensus threshold of less than or equal to 100 for severe ARDS because it is the threshold used in the PETAL Network's Reevaluation of Systemic Early Neuromuscular Blockade (ROSE) trial (ClinicalTrials.gov NCT02509078) of neuromuscular blockade in moderate-severe ARDS (20) , following the ARDS et Curarisation Systematique (ACURASYS) trial threshold (21) . We compared AUCs using the method of DeLong (22) .
We considered whether other variables would improve the imputation of the Pao 2 /Fio 2 , from the point of view of the AUC for predicting that the Pao 2 /Fio 2 was under 300 or under 150. Using linear regression models, we considered PEEP, serum bicarbonate, minute ventilation, Fio 2 , age, ABG performed during the day (as opposed to at night), Spo 2 , pulse oximeter location (at the time the ABG was obtained), serum chloride, serum creatinine, and serum sodium (the last three were included in case markers of renal dysfunction or electrolyte imbalance were related indirectly to shifts in the hemoglobinoxygen dissociation curve) to see whether they improved the accuracy of the imputation.
In a secondary analysis, among the patients for whom more than one ABG was available, we evaluated whether knowledge of the error of measurement on the first ABG improved the imputation for the later ABGs. We attempted multiple complementary techniques to incorporate the first ABG imputation error into later imputations, including adding the error term, adding a proportion of the error term (derived from linear regression), and the ratio of measured to imputed Pao 2 /Fio 2 ratios.
Analyses were performed in the R Statistical Package version 3.2.3 (23).
RESULTS
We studied 1,034 ABGs in 703 patients at nine hospitals across the United States, among which 650 ABGs were associated with Spo 2 less than or equal to 96%. Patient characteristics are displayed in Table 1 . Characteristics of the ABG and associated Figure 1 , Bland-Altman plots suggested that nonlinear imputation was accurate, albeit with decreasing accuracy at higher Pao 2 /Fio 2 ratios. This seemed true, especially for measured Pao 2 /Fio 2 ratio less than or equal to 150 and for Spo 2 less than or equal to 96%. In Table 3 , we quantitatively describe the performance of the different imputation techniques. Nonlinear imputation had lower RMSE than log-linear or linear imputation method for all ABGs and for ABGs where Spo 2 less than or equal to 96% (all p < 0.001).
All imputation methods displayed good to excellent discrimination, as outlined in Table 4 , with AUCs ranging from 0.77 (95% CI, 0.73-0.81) to 0.96 (95% CI, 0.94-0.97) for different thresholds and subpopulations. Nonlinear imputation had a significantly higher AUC than linear/log-linear imputation (p < 0.001), with AUCs ranging from 0.86 (95% CI, 0.82-0.89) to 0.96 (95% CI, 0.94-0.97). The superiority of nonlinear imputation was true for Pao 2 /Fio 2 less than or equal to 150 and Pao 2 /Fio 2 less than or equal to 300. AUCs were consistently higher for the lower threshold (≤ 150) than for the higher threshold (≤ 300). The observed AUCs were compatible with good sensitivity and specificity. At the Pao 2 /Fio 2 less than or equal to 150 threshold, the sensitivity and specificity for nonlinear imputation were 0.87 (95% CI, 0.83-0.90) and 0.91 (95% CI, 0.88-0.93), respectively. At the Pao 2 /Fio 2 less than or equal to 300 threshold, sensitivity and specificity were 0.90 (95% CI, 0.88-0.92) and 0.67 (95% CI, 0.61-0.73), respectively.
The results were generally similar for the 650 ABGs associated with Spo 2 less than or equal to 96% (Table 3; Table E4 , Supplemental Digital Content 1, http://links.lww.com/CCM/ C658). In this group, AUC analysis yielded similar results, except for patients who otherwise met ARDS criteria at the Pao 2 /Fio 2 less than or equal to 300 threshold, where discrimination was only good: AUCs were 0.77-0.81. The decrease in AUC seemed related to the relatively small number of individuals with Spo 2 less than or equal to 96% who also had Pao 2 /Fio 2 greater than 300 and otherwise met criteria for ARDS. Among ABGs in patients who otherwise met ARDS criteria, restricting to ABGs with Spo 2 less than or equal to 96% again demonstrated the superiority of nonlinear imputation (Table 3) .
In our analysis to understand whether certain variables (e.g., skin pigmentation, oximeter sensor location, oximeter manufacturer, vasopressor use, PEEP, and others, as outlined in methods) were associated with changes in the accuracy of imputation, models incorporating those predictors yielded negligible improvement in the accuracy of the imputation. The AUC of the imputations increased at most by 1%. Notably, only 5.6% of ABGs were associated with an inadequate pulse oximeter waveform.
TABLE 2. Oximetry and Arterial Blood Gas Results

Variables Values
Oximetry results Similarly, when evaluating whether results from an initial ABG result could improve the accuracy of imputation for later ABGs, none of the techniques materially improved the accuracy of imputation.
Patient
DISCUSSION
In this large, prospective, multicenter study of clinical ABGs obtained in mechanically ventilated ICU patients, we externally validated prior retrospective observations that a nonlinear imputation is best for estimating the degree of hypoxemia from pulse oximetry. Although all tested imputations had reasonable accuracy among mechanically ventilated patients, a nonlinear, physiologically based approach seemed best overall, especially when the Pao 2 /Fio 2 ratio is low. Among patients who otherwise met ARDS criteria, accuracy was highest when restricted to ABGs where Spo 2 less than or equal to 96%.
The AUC analysis, which is most relevant to screening for the presence of hypoxemia consistent with ARDS, confirms that physiologically based nonlinear imputation of Pao 2 /Fio 2 is superior to other imputation techniques. These estimates are less accurate for patients with higher Spo 2 and Spo 2 /Fio 2 values. Contrary to our initial expectation, no variables were associated with greater or lesser accuracy to a substantial degree, suggesting that routine use of this technique would not require measurement of additional variables. In this respect, our findings differ from prior studies suggesting a relationship between PEEP and the accuracy of Pao 2 /Fio 2 imputation (6, 7). Because only one in 20 of study ABGs were associated with a low-quality pulse oximeter waveform, we suspect that it is reasonable to restrict such imputations to situations where the waveform is of adequate quality. Based on physiologic principles and our subgroup analysis, it also seems reasonable to restrict evaluation to ABGs where Spo 2 less than or equal to 96%, perhaps by downward titration of Fio 2 in patients with high Spo 2 .
Our study has two key strengths differentiating it from prior studies of the imputation of Pao 2 /Fio 2 from Spo 2 /Fio 2 among patients with and at risk for ARDS, including our own retrospective work (12): it is prospective-with real-time correlation of Spo 2 and Pao 2 -and is multicenter. Our study design allowed us to evaluate, in a generalizable fashion, the accuracy of imputation and the relevance of the oximeter waveform, the oximeter type (24) and location, as well as skin pigmentation (24, 25) , body temperature, and other relevant variables.
Our study has limitations. Because of resource limitations, we were unable to record all ABGs in study ICUs and were unable to obtain outcome data for study patients. We are thus unable to exclude ascertainment bias, which could affect generalizability, and we cannot determine whether inaccurate imputation is associated with mortality or other patient outcomes. For the patients in whom an ABG was associated with Spo 2 less than or equal to 96%, the prevalence of Pao 2 / Fio 2 greater than 300 was so uncommon, especially among patients who met other criteria for ARDS, that the AUC was a less reliable measure of accuracy. The error associated with nonlinear imputation was still lower than for the other imputation techniques. Nevertheless, identification of mild ARDS may be somewhat more difficult on the basis of Spo 2 /Fio 2 . Although the nonlinear imputation equation is too complex to calculate easily by hand, we provide a lookup table (Table E5 , Supplemental Digital Content 1, http://links.lww.com/CCM/ C658); a similar lookup table has been employed in the ROSE study protocol for screening.
CONCLUSIONS
Because the association between Spo 2 and Pao 2 is physiologically sigmoidal, the use of a nonlinear imputation strategy seems preferable to other strategies for estimating Pao 2 /Fio 2 from pulse oximetry. Such an imputation strategy displays good discrimination for ARDS at relevant diagnostic thresholds, albeit with lower specificity for mild ARDS, particularly when Spo 2 is allowed to remain greater than 96% with high Fio 2 . The use of linear or log-linear imputation method can no longer be recommended. 
